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N A T IO N A L  A D V IS O R Y  C O M M ITTE E  F O R  A E R O N A U T ICS .\ 
R E S E A R C B M E M O R A E D U M  

for  th e  . 

A ir M a ter ie l  C o m m a n d , U .S . A ir Force  

p w F O R M A N C E  O F  J33 -A -21  a n d  5 3 3 - A - 2 3  T U R B O J E T - E N G INE 

C O M P R E S S O R S  W ITH W A T E R  INJECTION 

B y  W i l l iam L . B e e d e  a n d  J o s e p h  R . W ith e e , Jr. 

S U M M A R Y  

A s  par t  o f th e  pe r fo rmance  invest igat ion o f compressors  fo r  
th e  5 3 3  turbo je t  e n g i n e , th e  A -21  m o d e l  a n d  th e  A -23  m o d e l  wi th a  
17 -  a n d  a  34 -b l ade  impe l le r  we re  o p e r a te d  wi th w a ter  in ject ion a t 
the i r  respect ive  des ign  equ iva len t  s p e e d s  o f 1 1 ,5 0 0  a n d  1 1 ,7 5 0  rpn.  
In let  cond i t ions  o f p ressure  o f 1 4  inches  o f mercury  abso lu te  a n d  o f 
a m b i e n t te m p e r a tu re  co r respond  to  th o s e  o f th e  invest igat ion o f 
th e s e  m o d e l s  wi thout  w a ter  in ject ion.  T h e  w a ter-a i r  rat io by  
w e i g h t r a n g e d  f rom 0 .0 5  to  0 .0 6 . 

B y  th e  u s e  o f w a ter  in ject ion,  th e  p e a k  p ressure  rat io o f th e  
A -21  compresso r  a n d  th e  A -23  compresso r  wi th e  34 -b l ade  impe l le r  
i nc reased  app rox ima te ly  0 .3 8 , w h e r e a s  th a t o f th e  A -23  compresso r  
wi th a  17 -b l ade  impe l le r  i nc reased  on ly  0 .1 4 . T h e  dec rease  in  
m a x i m u m  e ff ic iency fo r  th e  th r e e  compressors  r a n g e d  f rom 0 .1 2  to  
0 .1 4 . T h e  h ighes t  i nc rease  in  m a x i m u m  equ iva len t  w e i g h t flo w  o f 
a i r  p lus  w e i g h t flo w  o f w a ter  w a s  1 0 .9 0  p o u n d s  pe r  s e c o n d  o b ta i n e d  
wi th th e  A -21  canpressor .  T h e  inc rease  in  a i r  w e i g h t flo w  a l o n e  
w a s  app rox ima te ly  5 .7 0  p o u n d s  pe r  s e c o n d  fo r  th e  A -21  compresso r  
e n d  th e  A -23,  17 -b l ade  compressor ,  wh ich  e x c e e d e d  th e  inc rease  o f 
3 .1 5  p o u n d s  pe r  s e c o n d  fo r  th e  A -23;  34 -b l ade  canpreseor .  

IM T R O D U C T IO N  

A t th e  reques t o f th e  A ir M a ter ie l  C a m n a n d , U . S . A ir Force,  
a n  invest igat ion w a s  c o n d u c te d  a t th e  N A C A  Lew is  labora tory  to  
d e te rm ine  th e  pe r fo rmance  character is i tcs o f a  ser ies  o f 5 3 3  turbo je t -  
e n g i n e  compressors .  S ta n d a r d  pe r fo rmance  d a ta  wi thout 'water  in ject ion 
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for the A-21 model  compressor and the A-23 compressor with a  17- 
and a 34-blade impeller are reported in references 1, 2, and 3', 
respectively. 

The results of en investigation with water injection at the 
design equivalent speeds of each compressor and inlet pressure of 
14 inches of mercury absolute and ambient inlet temperature are 
presented herein. These condit ions are the same as those for 
operation without water injection and permit direct comparison 
of results. The water-air ratio by weight rsnged from 0.05 to 
0.06. 

APPARATCSANDPROCEDURE 

Apparatus. - The apparatus and the instrumentation are the 
ssme as those described in reference 1 with the following addit ions 
for water injection: (1) conventional water-alcohol spray nozzles, 
(2) standard A.S.M.E. flat-plate orifice to messure water flow, and 
(3) wattmeter for measuring power input to variable-frequency 
induction motor. 

Procedure. - The model  A-21 and A-23 ccmpressors were operated 
at an inlet pressure of 14 inches of mercury absolute, ambient inlet 
temperature, snd their respective design equivalent speeds of 11,500 
and 11,750 rp. These operating condit ions are the same as those 
used in the investigations without water injection (references 1 to 3) 
in order to permit direct ccxnparison of data. The water-air ratio 
by weight ranged from 0.05 to 0.06. 

Computations. - The large variation in the compressor-outlet 
temperatures with water injection made it impossible to determine 
the actual energy absorbed by the working fluid by thermodynamic 
methods (reference 4). The actual (not corrected to standard sea- 
level conditions) power absorbed by the caanpressor was therefore 
determined by measuring the power input to the motor and allowing 
for the losses in the motor, the gear box, and the assembly. The 
validity of this method was checked by computing the actual energy 
absorbed by the working fluid frcm performance data of these 
three compressors without water injection. The percentage deviation 
in power is defined as the difference between the horsepower 
determined by computing the actual energy absorbed by the working 
fluid and the horsepower determined by measuring the power input 
to the.motor without water injection divided by the horsepower 
determined by computing the actual energy absorbed by the working 
fluid. The results obtained by the two methods are presented in 
figure 1. 
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The compressor efficiency with water injection is the ratio of 
the isentropic work, which is found by using the enthalpy rise for 
an isentropic process (determined by the method presented in ref- 
erence 4), and the actual work determined by power-input measure- 
ments. Throughout this investigation, the humidity of the inlet 
air with water injection is low and its effect on efficiency is 
small enough to be neglected. 

Precision. - The precision of the measurements is estimated to 
be within the following limits: 

Temperature, % . . . . . . . . . . . . . . . . . . . . ; . f0.5 
Pressure, inches mercury absolute . . . . . . , . . . . . . f0.04 
Speed, percent. . . . . . . . . . . . . . . . . . . . . . . kO.3 
Air weight flow, percent . . . . .' . . . . . . . . . . . . *1.0 
Water weight flow, percent. . . . . . . . . . . . . . . . . fl.0 

From figure 1, e deviation between the actual power absorbed 
as computed by the two methods is apparent. This deviation is 
reflected in the efficiency ccmputations and must be considered if' 
absolute accuracy is desired. The computation of efficiency of the 
A-21 compressor with water injection can be as much as 0.015 too 
high. The efficiency computation of the A-23, 17-blade and 
34-blade compressors can be as much as 0.010 and 0.018 too high, 
respectively. 

RESULTS AND DISCUSSION 

The effect of water injection on the performance of the three 
compressors is shown in figure 2. The equivalent weight of air flow 
plus the weight of water flow is termed "total weight flow." Repre- 
sentative changes in the principal variables are given in the follow- 
ing table: 

Compressor Increase 
-' ---I in pea% 

pressure 
ratio 

A-21 0.38 
A-23 

17-blade 
A-23 

34-blade 

.14 

.37 t 

I : 
I 

I 

1 

Decrease Increase in 
in maxi- maximum 
mum ef- total 
ficiency weight flow 

4 <lb/ 
set) 

(per- 
cent) 

13.00 

12.21 

8.66 

Increase in 
total 
weight flow 
at surge 
point 

Increase in 
maximum air 
flow 
-(lb/ (per- 
set) cent) 
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The large decrease in efficiency with water injection reflects the 
effects of both the aerodynamic compression process and the evapo- 
rative cooling. Because of the change in velocities of the mixture 
through the compressor with water injection, a compressor designed 
for optimum performance without water injectlon does not necessarily 
operate at peak performance with water injection. With water 
injection the compressor is also charged for all losses that might 
result from improper methods of injection. The increase in pressure 
ratio results from an effective increase in the compressor speed 
due to the cooling of the air by the water injected, the magnitude 
of the pressure ratio increese.being dependent on the efficiency 
of the process. The increase in equivalent weight flow of air 
alone is due to the increase in density resulting from the cooling 
of the air by the water injected and from the increase in compressor 
pressure ratio. 

The performance of the three compressors with water injection 
is compared in figure 3. The peak pressure ratio of the A-23, 
17-blade compressor and the A-21 compressor was 0.32 and 0.47 lower, 
respectively, than that of the A-23, 34-blade compressor. The 
maximum efficiency of the A-23, 17- and 34-blade compressors are 
approximately equal and the efficiency of the A-21 compressor is 
approximately 0.04 lower than that of the A-23, 34-blade ccxnpressor. 

The variation of specific power required with and without 
water injection where the specific power is defined as the actual 
horsepower required divided by the actual total weight flow Is shown 
in figure 4. With water injection, the specific power increased 
3 to 7 percent for the A-21 compressor and 1 to 2 percent for the 
A-23, 34-blade compressor. The specific power decreased slightly 
for the A-23, 17-blade compressor. The change in specific power 
with water injection is apparently the result of changes In the 
flow chsracteristics through the impeller passages. 

SUMMARYOF RESULTS 

An investigation of the performance of the 533-A-21 and J33- 
A-23 turbojet-engine compressors with water injection produced the 
following results: 

1. The peak pressure ratio of the A-21 campressor and the 
A-23 compressor with 34-blade impeller increased approximately 0.38, 
whereas for the A-23 compressor with 17-blade impeller the increase 
w88 only 0.14. 
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2. Water injection decreased the maximum efficiency for the 
three compressors 0.12 to 0.14. 

3. The increase in maximum total weight flow ranged from 
7.90 pounds per second for the A-23 compressor with a 34-blade 
impeller to 10.90 pounds per second for the A-21 compressor. The 
increase in maximum air flow alone ranged from 3.15 pounds per 
second for the A-23 compressor with 34-blade impeller to approxi- 
mately 5.70 pounds per second for the A-21 compressor and the A-23, 
17-blade compressor. 

4. With water injection the specific power increased 3 to 
7 percent for the A-21 compressor and 1 to 2 percent for the A-23 
compressor with 34-blade impeller. 

Lewis Flight Propulsion laboratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio, March 30, 1949 

William L. Beede, 
Aeronautical Research Scientist. 

' 
Aeronautical Reseerch Scientist. 

Approved: 
Robert 0. Bullock, 

Aeronatucail Research Scientist. 

Oscar W. Schey, 
Aeronatuical Research Scientist. 
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